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Abstract 
TiAlN films were deposited on glass substrates by AC magnetron sputtering at 2 kW with 
constant Argon and Nitrogen gas flow rates to study the effects of positioning on the deposited 
films. The deposition system used was an ICM-10 IsoFlux cylindrical magnetron sputtering 
chamber. The samples were placed in different positions and tilts with respect to the location of 
the Titanium and Aluminum targets in the chamber.  It was found that with change in position 
and application of tilts, deposited films acquired different physical and chemical properties.  It is 
believed that the differences in these properties were caused by to the change in the incident 
angle of bombardment of the samples, and the change in surface areas of the samples presented 
to the targets at each location.  As related to the physical traits of the samples, analysis using 
Scanning Electron Microscopy of the samples displayed variations in the topography, where 
differences in grain density could be noted as well as structure formations.  The chemical 
properties were also noted to be affected by the variation of tilt and position applied to the 
sample.  X-ray Diffraction Spectroscopy analysis of the samples showed the intensity of the 
TiAlN characteristic peak of the samples to differ from sample to sample. Results from the XRD 
analysis of this work showed a 157% and 176% increase in peak intensity of the 0° tilt sample of 
the Bottom Plate from the 45° tilt sample and 60° tilt sample respectively of the same plate. The 
results from the XRD analysis of this work also showed a 74% and 151% increase of the peak 
intensity for the 0° tilt sample of the Middle Plate when compared to the 45° tilt sample and 60° 
tilt sample respectively of the same plate.  Whereas results for this work showed a 54% and 41% 
decrease in peak intensity of the 0° tilt sample of the Top Plate from the 45° tilt sample and 60° 
tilt sample respectively of the same plate.  Energy Dispersive X-ray Spectroscopy was also 
performed and showed the deposited elements in each sample.  A relationship between the 
  
distance from sample to target, and applied tilt of sample to the amount of Ti concentration was 
generated using the peak intensity information from the EDX.  EDX analysis showed that as tilt 
was applied and the incident angle of bombardment approaches 0˚ the Ti concentration 
increased. 
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Chapter 1: Introduction 
In a wide variety of materials and industries, surface engineering has played a critical role 
in the development and application of advanced structural materials. Surface engineering is used 
to develop and enhance machine tools, and also to increase structural properties of vehicle 
mechanisms such as; hardness, wear and heat resistivity. Besides large scale applications, those 
greater than the order of nanometers, surface engineering is also used in nano-scale industries, 
such as, microelectronics, medical, chemical, etc.  As more superior technology becomes 
available, an increasing demand and use of precision engineering components and systems is 
also necessary, requiring that the manufacturing of said materials becomes increasingly 
reproducible, predictable, and controllable as well [1]. 
 
In this work the chemical characteristics of materials deposited using an Inverted 
Cylindrical Magnetron Sputtering System, the ICM-10, were obtained.  There have been several 
experiments using the ICM-10 in the Engineering Research Center, ENRC, located near the 
University of Arkansas.  In these experiments, Titanium, Aluminum, and Chromium have been 
deposited on glass substrates to obtain multi-layer films.  These elements have also been 
deposited on tool bits to make films in hopes of increasing productivity and performance of these 
tool bits.  During the deposition of previous works using the ICM-10 the samples were placed 
approximately 32cm from the top of the chamber at the bottom most location.  While the 
substrates were located in this position, recipes which determined the Argon and Nitrogen gas 
rates and chamber pressure were implemented.  These recipes included changes with increasing 
or decreasing rates of gas flow and pressures to match or advance the properties of the films 
produced. 
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While depositions upon substrates located at the bottom plate position have been 
promising, as demonstrated by previous works for deposition of Alumina onto cutting tool 
instruments [2], there are other locations inside the chamber which can be used for deposition as 
well.  The position of the samples in the chamber for a material with a singular composition may 
not be significant as only one material is being deposited.  However, when the chamber is used 
in multi-compound deposition, using more than one material, position may have an effect.   The 
other locations inside the chamber could be used together with the Bottom Plate position to 
obtain more samples from a single run, to obtain different characteristics, or similar 
characteristics with less use of material, pending the relationship of position in the chamber to 
deposited film characteristics.  To understand how varying positions of the samples affected the 
deposition, material was deposited on substrates at various locations inside the ICM-10 and then 
tested using different methods of material characterization.  The specific material chosen for this 
study was not particularly important as the effect of the position was the main subject.  In today’s 
industry Titanium Aluminum Nitride has become a material a focus due to its superior hardness 
testing compared to Titanium Nitride coated materials, which was the industry norm previously. 
These properties were shown as a result of test for previous works in Table 1.1 [3]. 
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Samples H, GPa E, GPa 
TiN 30.8 331 
TiAlN-#1 31.3 348 
TiAlN-#2 33.6 371 
TiAlN-#3 36.0 381 
TiAlN-#4 40.0 382 
                                       
 Therefore, for this work the material TiAlN was the main focus.  The use of combination 
materials instead of a single material allowed for testing how well the three materials were 
blended and how the properties of the combination material varied.   
 
 
 
 
 
 
                                                                                                             
 
 
Table 1.1.1: Hardness and Young's modulus 
of TiN and TiAlN coatings measured by 
nanoindentation [3] 
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Chapter 2: Background 
 
2.1 Vacuum Coating 
 
In the process of vacuum coating, a vacuum, which is an volume with sub-atmospheric 
pressure, is created and used with a molecularly or atomically condensable vapor source to 
deposit thin films and coatings.  Inside the volume the vacuum is created, a reduction in gas 
particle density is achieved as well as a decrease in possibilities of gaseous contamination.  Also, 
when using a vacuum environment one can establish partial pressures of inert and reactive gases 
while controlling gas flows.  In Physical Vapor Deposition (PVD), a solid or liquid surface may 
be used for the vapor source [4].  
 
In conjunction with the vacuum environment, magnetic fields can be used to enhance the 
mobility of vapor to be deposited on substrates and other materials. This process is a technique 
known as magnetron sputtering, which is a versatile technique which has been in use since 1958 
[5]. Where magnetron sputtering can be used for depositions of materials, the sputtering systems 
are vulnerable to arcing across materials, when non-conducting materials are used.  This arcing is 
due to the insulating properties of the materials being deposited.  The ICM-10 inverted 
cylindrical magnetron sputtering system uses two electrically isolated targets which removes the 
chance of arcing across the targets as displayed in Figure 2.1.1[6].   
 5 
 
 
                                       
 In this research aluminum and titanium targets were used for the deposition (each target 
was approximately 33cm in diameter and 9.8cm tall).  The design of the chamber in this worked 
utilizes unbalance permanent magnets.  The ion densities produced in this arrangement are at 
scale up to twenty times larger than those of standard designs [7]. 
 
A shortcoming of early magnetron sputtering was that the plasma was isolated to areas in 
front of the depositing targets, due to the magnetic fields generated, which resulted in a poor 
quality film due to inability of the reactive gases to dissociate effectively near the substrate 
reducing ion bombardment. By incorporating the use of auxiliary ionization sources or Radio 
Frequency (RF) power, this problem was partially solved.  Windows and Savvides invented an 
unbalanced magnetron system in 1986 which offered a better solution [8].  In the unbalanced 
magnetron system the charged particles are able to leave the flow of the electromagnetic field 
and produce plasma away from the target locations.  The escaping electrons can also be linked 
Figure 2.1.1: Dual-cathode magnetron using mid- 
frequency ac power [6]. 
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with other magnetron sources, via North to South Pole orientation, to significantly increase the 
areas in which the plasma is generated [7].  
     
2.2 X-ray Diffraction 
 
X-Ray diffraction is a non-destructive method of material characterization which can be 
used to determine the crystalline structure of solid materials, which has been implemented for 
decades.  The first published note of X-ray Diffraction occurred in the Proceedings of the Royal 
Bavarian Academy of Science in June 1912.  In this account the passage of light waves through 
crystalline arrangements of scattered atoms arranged in a pattern were analyzed [9]. 
 
In the past decades the research revolving around X-ray spectroscopy has increased 
continuously, particularly focusing on surface modifications such as “glancing angle” 
geometries.  “All major XRD equipment manufacturers now offer systems, or system 
attachments for glancing angle X-ray diffraction (GAXRD)”, says P. Neil Gibson.  [10].  In these 
studies, XRD measurements were used to determine the intensities of a range of diffraction 
energies, and then converted into absolute values which were used to determine the crystal 
structure of the material, or lack thereof.  
 
TiAlN depositions using various Nitrogen and Argon gas have been tested using XRD in 
previous works.  In these works the appearance of the TiAlN characteristic peak at the 43 2Θ 
location is used to verify the deposition as shown in Figure 2.2.1 [11]. 
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2.3 Scanning Electron Microscopy 
 
Scanning Electron Microscopy is a characterization method used routinely in quality 
control of films deposited using physical vapor deposition, as well as other methods including 
Electron Beam Lithography. In the SEM process electron beams are used to interact with 
materials causing the atoms in said materials to react by producing and emitting electrons from 
the sample, considered secondary electrons.  SEM is based on collecting these secondary 
electrons.  It has been studied and determined that these secondary electrons are sensitive to 
changes related to the surface of the samples.  “In several papers with collaborators we have 
shown that the low energy secondary electron signal is very sensitive to work-function and other 
Figure 2.2.1:  XRD Results from previous works “XRD patterns of TiAlN 
films deposited with various N2 flow rates: (a) 25 sccm; (b) 20 sccm; (c) 15 
sccm; and (d) 10 sccm keeping the Ar flow rate fixed at 25 sccm. (e) TiN 
pattern sputter-deposited with Ti target with N2 and Ar flow rates being 10 
sccm and 25 sccm, respectively.” [11] 
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surface-related changes; by biasing the sample negative to a bias voltage Vb between -10 and -
500 V, we can obtain biased secondary electron images (b-SEI),..and multilayer deposits can be 
readily visualized and distinguished,” stated by Venables [12].  From the bias applied the 
secondary electrons react, and these reactions can be used to create visual images illustrating the 
topography of the samples. 
 
Earlier studies of TiAlN with SEM analysis have shown that deposition to be 
“homogenous and dense” says Subramanian [13].  These SEM results of these works are 
displayed in Figure 2.3.1.  From Figure 2.3.1(a) one can determine that TiAlN should have a 
crater free seemingly uniform deposition.  The results of this work were related to these to 
conclude whether the properties of the deposition samples were, in general, normal or unusual. 
 
 
 
 
 
 
 
 
 
 
Figure 2.3.1: SEM results from previous works (a) TiAlN. (b) Cross-sectional 
view of TiAlN deposited on steel. [13] 
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2.4 Energy Dispersive X-ray Spectroscopy 
 
“Energy-dispersive X-ray detectors were developed during the 1960s, initially for nuclear 
applications,” says Reed [14].  These X-ray detectors can be used to obtain information from 
photons, regarding energy, which can give a description of the chemical composition of a sample 
in the form of an energy spectrum.  During the EDX process photons, x-rays, are emitted and 
enter the sample.  When the photon enters the sample it will excite a photoelectron, which will 
have the energy of the photon, minus the activation energy.  Having been generated these X-rays 
must now reach the X-ray detector before they can contribute to the spectrum, which can then be 
matched to an array of chemicals’ energies in a database.  X-ray detectors can then be used to 
determine the count rate of the excited photoelectrons.  The limited count rate of the EDX 
detectors constrains the sensitivity and precision of the analysis.  Chemical/elemental 
compositions have been tested in previous works using EDX.  In previous works, a predominant 
Titanium peak was formed as shown in Figure 2.4.1, which is a characteristic trait of TiAlN, 
according to Hagaroca [15]. 
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2.5 Experimental Methods 
 
For this work the material TiAlN was chosen for deposition.  TiAlN is being used now in 
industry, due to the properties of TiAlN which make it suitable for high temperature cutting 
operations. "TiAlN is used successfully to machine titanium, aluminum and nickel alloys, 
stainless steels, alloy steels, Co-Cr-Mo and cast irons. TiAlN is also used to protect dies and 
molds that are required to operate at high temperatures such as those in medium and hot forging 
and extrusion industries", as stated by Barsoum [16]. 
 
The ICM-10 used in this research is used to deposit multi-layered films when different 
material targets are placed in the chamber.  A magnetic field is introduced into then chamber 
Figure 2.4.1: EDX analysis of TiAlN from previous works. [15]   
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which increases the mobility of the vapor from the source materials that are then deposited on the 
substrates.  The field activity introduced to the chamber was variable with respect to the location 
inside the chamber.  To create a description for the variation in properties with respect to 
location inside the chamber, pre-cleaned 75 X 25 mm Plain Corning Glass slides with a thickness 
of 1 mm were used as substrates and positioned at different positions with respect to the targets.  
Figure 2.5.1 shows the schematic of the deposition chamber and the relative positions of the 
samples with respect to the targets.  The first position was 6.5 cm from the top of the chamber 
(location a), the substrates in the middle of the chamber were positioned at 18.5 cm from the top 
of the chamber (location b), and the substrates positioned at the bottom were at 32 cm from the 
top of the chamber (location c).  The substrates at location a and location b were placed on 
platforms 10 cm in diameter, while the substrates at location b were placed on a platform 30 cm 
in diameter.  During the deposition, the substrates were approximately 11 cm from the targets at 
their particular locations. In addition to the change in position in the chamber another parameter 
was also introduced, this being the angle at which the substrates rested.  The change in rest angle, 
with respect to the platform, would vary how the substrates were introduced to the oncoming 
material particles.  The substrates where supported at 0° or flat, 45°, and 60° from flat on each 
platform as shown in Figure 2.5.2. 
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The variations in the properties of the films with respect to each other and the locations 
inside the chamber were the main focus of this research.  Therefore, the specific recipe used for 
the deposition was not of the utmost importance.  In this research before the system was used 
ICM vacuum was 10-7 Torr.  For deposition to take place plasma must be present in the chamber. 
Figure 2.5.1: 6.5 cm, 18.5cm, and 32cm elevated 
substrates inside chamber.  
 
Figure 2.5.2: Display of how substrates are supported at 0°, 45°, and 60° from flat of platforms. 
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To spark the plasma, Argon gas was introduced into the system at a rate of 150 sccm with the RF 
power at 1 kW.  During the deposition the chamber was stabilized at a pressure of 5x10-3 Torr 
and remained constant.  To obtain TiAlN, Nitrogen gas was introduced into the chamber at 40 
sccm and the Argon flow rate was set at 75 sccm.  It has been shown that Nitrogen and Argon 
gas mixtures were used in reactive magnetron sputtering which controls film characteristics [17].  
The RF power during deposition was maintained at 2 kW.  A table of the recipe used for this 
work is shown in Table 2.5.1.                                     
 
 
 
 
 
 
The ICM-10 system used in this work is used for multiple experiments involving 
different materials and elements.  These added materials and elements may cause defects, 
imperfections, and anomalies on other samples not using the same materials and elements.  
Therefore cleaning was required so different materials were not resputtered from portions of the 
chamber such as plates, poles, screws, bolts, and clamps.  Before operating the chamber the 
removable pieces of the chamber were taken out and placed in a sandblasting chamber.  Inside 
the chamber each piece was individually sandblasted until there was no material residue present.  
However, because of the sandblasting process fragments of sand were still present on the 
previously cleaned parts and therefore needed to be put through a wash to remove the sand 
TiAlN1.rcp Phase 1 Phase 2 Phase 3 Phase 4 
Time(s) 300 3600 1800 1800 
Argon gas flow rate (sccm) 150 75 75 0 
N gas flow rate (sccm) 0 40 40 0 
Table 2.5.1: ICM-10 recipe for TiAlN deposition 
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fragments.  Baths of water were laid out for the parts where they were immersed in the liquid, the 
water separated the sand from the parts, and shuffling of the parts reduced the risks of resettling.  
The parts were then placed on tissue paper and allowed to air dry.  After the parts were dry, 
using latex gloves the parts were reassembled in the chamber or placed in their respective 
compartments if not being used for the next experiment.         
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Chapter 3:  Results and Discussion 
 
In this chapter the results found from the XRD, SEM, and EDX testing will be presented 
and discussed.   
 
3.1 XRD  
 
X-ray Diffraction was performed to verify that the deposited films were indeed TiAlN.  
The material TiAlN has a XRD characteristic peak at 43 2Θ (degrees), and an observed peak at 
this location is needed to confirm the deposition of TiAlN [11].  It was believed that the samples 
deposited in this work would have that same 43 2Θ, meaning that TiAlN was deposited at each 
location.  To obtain this information from the readings, one must locate the specific 2Θ peak 
which is attributed to elements and compounds.  For the TiAlN composition the 2Θ peak needed 
to be observed at the 43 2Θ location with a possible 63 2Θ [18]. The 63 2Θ peak is associated 
with a (111) orientation in TiAlN, while the 43 2Θ peak refers to the (200) orientation.  The 
(111) orientation in TiAlN has a lower surface energy in an fcc TiAlN structure when compared 
to the (200) orientation. TiN has a preferred (111) orientation, but as Al is introduced the strain 
in the surface could increase the energy to that of the (200) orientation.   Therefore, it could be 
concluded that the 43 2Θ would be present in the readings for each sample [19].  A possible 
change in peak intensities could have occurred due to a change in tilt and position inside the 
chamber, because there could have been different levels of deposition which led to different or 
fewer crystalline structures.  The results of the XRD testing performed are shown in Figures 
3.1.1, 3.1.2, and 3.1.3. 
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Figure 3.1.2: XRD of 0º, 45 º, and 60 º samples at Middle Plate. 
Figure 3.1.1: XRD of 0º, 45 º, and 60 º samples at Bottom Plate. 
Level 
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After analyzing the Bottom Plate location’s XRD results, it was determined from the 
graph of the samples with applied tilts of 45° and 60° that the primary crystalline structure for 
TiAlN, observed with a peak at 43 2Θ, was not present.  Without this peak being apparent on the 
scan it cannot be verified that TiAlN had been deposited; however the 43 2Θ was observed with 
a 0° tilt.  This information showed that there were some differences in the samples due to the tilts 
applied to the samples.  Due to the 45° and 60° applied tilts the ion bombardment of these 
samples would be increased due to the increased incident angle. With increased bombardment at 
the lower lever, which would be heavily populated with Al atoms, the percentage of Al in the 
sample became greater than those with a less inviting incident angle for bombardment.  The tilts 
also increased the surface areas at which the targets were presented to the Al target at the lower 
plate. 
Figure 3.1.3: XRD of 0º, 45 º, and 60 º samples at Top Plate. 
Top Level 
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When evaluating the XRD peaks from the Middle Plate samples, it was apparent that the 
43 2Θ peak was observed for each sample with different degrees of intensity. The fact that the 
structure was TiAlN was apparent due to the 43 2Θ, but the quality of the crystalline structure 
determines the peak intensity.  At the Middle Plate area the intensities of the peaks were 
inversely proportional to the degree of tilt applied to the sample, shown in Figure 3.1.4., meaning 
as the tilt applied to the samples was increased the intensity of the 43 2Θ decreased as shown in 
Figure 3.1.2.   
 
The results for the TiAlN samples for the Top Plate locations were similar to the Middle 
Plate samples in the fact that the intensities varied for the 0°, 45°, and the 60° tilt.  It was 
ascertained from Figure 3.1.3 that the intensities were directly proportional to the tilt applied to 
the samples, meaning as the applied tilt increased the intensity of the 43 2Θ increased, as shown 
in Figure 3.1.5.  
Figure 3.1.4.: Peak intensities for 0°, 45°, and 60° samples for Middle Plate. 
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The results obtained from XRD analysis which showed a difference in the 43 2Θ peaks 
was expected; however the fact that the 43 2Θ peaks were not present in each sample did not 
match the hypothesis of this work.  Reasoning for the apparent difference in the 45° and 60° tilts, 
from the 0° tilt at the Bottom Plate could have been due to a deposition of a material other than 
TiAlN.  The XRD results did not show any peaks which could help identify the deposited 
material, if different.  Results from other characterization techniques were used to determine the 
elements deposited and to determine further differences in the samples and will be discussed in 
Section 3.3.  EDX of the samples located at the Bottom Plate, Figure 3.3.1, will later show that a 
higher concentration of aluminum was found in the 45° and 60° samples. 
 
Figure 3.1.5: Peak intensities for 0°, 45°, and 60° samples for Top Plate. 
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For this work Ti and Al targets were used reacting with Nitrogen gas.  With this 
combination of materials, it was possible for TiAlN, TiN, and AlN to be deposited inside the 
chamber.  The XRD of the materials obtained were compared to those of TiN and AlN in Figure 
3.1.6 to make sure that only TiAlN was deposited.  The TiN results were obtained from previous 
work in PVD by College of Mechanical Engineering at the Beijing Institute of Petro-Chemical 
Technology [20].  The AlN results used for comparison were taken from research done between 
the Bulgarian Academy of Sciences and the Romanian Academy of Sciences [21]. When looking 
at the layout in Figure 2.5.1, one can understand that the substrate on the Top Plate had a chance 
of TiN being deposited and the substrates at the Bottom Plate depositing AlN due to their 
proximities to their respective targets.  
 
 
When compared to XRD results for TiN and AlN it was clear that the peaks for these 
materials were not present in the results for the samples in this work. 
Figure 3.1.6: A) The diagram of XRD of TiN coating on previously implanted 
substrate [20].  B) XRD patterns of AlN films deposited with laser pulses [21]. 
 
A B 
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3.2 SEM 
 
To test the topographic differences which may have been formed on the surfaces of the 
substrates at the different elevations and tilts, SEM was performed on each sample.  Previous 
works have shown that SEM images of TiAlN to be uniform across the surface [13], as in Figure 
2.3.1.  The image also shows that the surface of the film was absent of craters and structures.  
From this information one can speculate that the SEM of the samples deposited in this work 
would also be uniform and void of craters and structures.  For this research, it was assumed that 
there would be no difference in the deposited samples.  TiAlN should be deposited in each 
location which should produce similar SEM images for each location. The results of the SEM 
testing are shown in Figures 3.2.1., 3.2.2, and 3.2.3.  The Bottom Plate samples are displayed in 
Figure 3.2.1, Middle Plate samples in Figure 3.2.2, and the Top Plate samples in Figure 3.2.3. 
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Figure 3.2.1: a) SEM image for Bottom Plate 0° tilt. 
b) SEM image for Bottom Plate 45° tilt. c) SEM 
image for Bottom Plate 60°. All scale bars indicate 
5 µm. 
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Figure 3.2.2: a) SEM image for Middle Plate 0° tilt. 
b) SEM image for Middle Plate 45° tilt. c) SEM 
image for Middle Plate 60° tilt. All scale bars 
indicate 5 µm. 
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Figure 3.2.3: a) SEM image for Top Plate 0° tilt. b) 
SEM image for Top Plate 45° tilt. c) SEM image for 
Top Plate 60° tilt. All scale bars indicate 5 µm. 
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In Figure 3.2.1, Figure 3.2.2, and Figure 3.2.3, it was shown that there were 
topographical differences in each sample, including impressions, structure formations, and 
texture.  Upon further examination of the SEM images, formations were found which were more 
apparent in certain samples (Figure 3.2.2 B, for example - Middle Plate with an applied tilt of 
45°).  
 
The SEM images of this work match previous work [13] regarding the homogenous trait 
of the TiAlN depositions; however there was a difference in appearance between position and 
tilts, and in the identification of structures which were formed during the deposition in this work 
do not appear in other works.   
 
As with the XRD results, the SEM results obtained were compared with the SEM images 
for AlN and TiN as shown in Figure 3.2.4 to explore the possibility that TiAlN was not 
deposited.  The SEM image for the TiN was taken from joint work in TiN between the 
University of Wollongong, Australia and the Institute of Metals and Technology in Ljubljana, 
Slovenia [22].  The SEM image for AlN was obtained from a study of AlN Hierarchical 
Nanostructures in the Journal of Physical Chemistry [23]. 
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From the comparison of the TiN and AlN SEM images it was determined that the 
deposition in this work did not obtain these materials. 
 
3.3 EDX 
 
To obtain a better understanding of the chemical properties of the materials deposited, 
EDX was performed on the samples to obtain the elements deposited on the films.  The results of 
the EDX testing are shown in Figures 3.3.1, 3.3.2., and 3.3.3.  EDX results of Bottom Plate are 
shown in Figure 3.3.1.  EDX results of the Middle Plate are shown in Figure 3.3.2.  EDX results 
of the Top Plate are shown in Figure 3.3.3. 
 
 
 
 
 
 
 
 
A B 
Figure 3.2.4: A) SEM images showing the surface topography of PVD coating of TiN 
[22]. B) SEM image of AlN flowerlike nanostructures [23]. 
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Figure 3.3.1: A) EDX for Bottom with 0° tilt.  B) EDX for Bottom with 
45° tilt.  C) EDX for Bottom with 60° tilt  
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Figure 3.3.2: A) EDX for Middle with 0° tilt.  B) EDX for Middle 
with 45° tilt.  C) EDX for Middle with 60° tilt  
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Figure 3.3.3: A) EDX for Top with 0° tilt.  B) EDX for Top with 45° 
tilt.  C) EDX for Top with 60° tilt 
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As with the XRD and the SEM, the EDX obtained from the work was compared EDX 
images of TiN and that of AlN in Figure 3.3.4.  The EDX image of the TiN was obtained from a 
paper studying the synthesis Nanocrystalline Titanium Nitride Powder [24].  The EDX image of 
the AlN was obtain from a paper studying the characteristics of AlN-Based Hierarchical 
Nanostructures [25]. 
 
 
 
The Silicon peaks found in the EDX results could be due to several imperfections in the 
deposition process.  For example, sand which was used to clean removable components from the 
deposition chamber might be present.  The Silicon peaks found which may have been due to 
readings of the glass substrate, which is SiO2.  
 
In an added effort to eliminate uncertainties in the information acquisition process, 
additional tests were performed to identify the uniformity of samples deposited in the ICM-10.  
In these test multiple readings where obtained from a single sample to determine uniformity of 
the sample, and to determine whether the position at which previous readings were obtained was 
 
 
 
 
A 
Figure 3.3.4: A) EDX spectrum of TiN sample synthesized by a Atmospheric 
Microwave Plasma Torch.[24] B) EDX spectra of an AlN-based hierarchical 
nanowire.[25] 
B 
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significant.  EDX was performed at various locations across the sample, approximately 2.2 mm 
in separation. Three samples were chosen, one from each plate. The first sample was for the 
Bottom plate with a tilt of 60° with the six position results displayed in Figures 3.3.5 and 3.3.6. 
The next sample was for the Middle plate with a tilt of 45° with the four position results 
displayed in Figures 3.3.7 and 3.3.8.  The last sample used for the film uniformity testing was 
taken from the Top Plate with a tilt of 60° with the two position results displayed in Figure 3.3.9.  
If any of the samples were not qualitatively similar, the position on the sample where the EDX 
results were obtained was significant and therefore the samples could not be accurately 
compared.  The EDX results of the locations showed no variation due to placement on the 
sample signifying uniform deposition, therefore the location of testing on the sample where the 
EDX results were obtained was not significant.   
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Figure 3.3.5: A) EDX for Bottom Film Uniformity Testing with 60° tilt 
position A.  B)  EDX for Bottom Film Uniformity Testing with 60° tilt position 
B.  C) EDX for Bottom Film Uniformity Testing with 60° tilt position C. 
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Figure 3.3.6: D) EDX for Bottom Film Uniformity Testing with 60° 
tilt position D.  E)  EDX for Bottom Film Uniformity Testing with 
60° tilt position E.  F)  EDX for Bottom Film Uniformity Testing 
with 60° tilt position F. 
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Figure 3.3.7: A) EDX for Middle Film Uniformity Testing with 
45° tilt position A.  B)  EDX for Middle Film Uniformity 
Testing with 45° tilt position B.  C)  EDX for Middle Film 
Uniformity Testing with 45° tilt position C. 
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Figure 3.3.9: A) EDX for Top Film Uniformity 
Testing with 60° tilt position A.  B)  EDX for Top 
Film Uniformity Testing with 60° tilt position B.   
 
Figure 3.3.8: D) EDX for Middle Film Uniformity Testing 
with 45° tilt position D.   
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From previous works it has been shown that EDX results of TiAlN have shown a 
predominantly Ti composition; however due to the change in position of the deposition 
substrates of this work a change in composition was noted.  It was theorized that due to a closer 
proximity to the Al targets during deposition and Al having a higher sputter yield than Ti when 
at the same energy, the samples at the bottom plate and middle plate would have a larger 
concentration of Al as compared to the Top plate locations.  
 
EDX results showed that the chemical composition of the samples deposited varied with 
the change in elevation, as well as with variation in the tilt applied to the sample.  This was 
shown by analyzing the peak intensities to one another in each sample, which gave information 
on the relationship between the chemical composition of the sample and tilt.  After analyses of 
each sample were performed, comparison from each location was performed making it possible 
to determine that there was a difference with respect to elevation. Table 3.3.1  was generated to 
visualize the peak intensities. 
 Ti(4.5 keV peak) Al(1.49 keV peaks) N(.39 keV peak) 
Bottom Plate 0° 3.0 40.1 114.7 
Bottom Plate 45° 79.1 899.3 364.0 
Bottom Plate 60° 85.6 1023.1 396.6 
Middle Plate 0° 1697.6 897.3 3206.9 
Middle Plate 45° 535.4 234.4 1116.7 
Middle Plate 60° 314.1 346.6 603.6 
Top Plate 0° 432.0 563.6 943.3 
Top Plate 45° 90.6 82.9 186.1 
Top Plate 60° 1099.7 508.7 1968.6 
 
 
 
 
 
 
Table 3.3.1: Table of peak intensities for each sample obtained from EDX. 
 37 
 
 
In other works regarding TiAlN the Ti peak was the dominant peak. However in this 
work, two samples, located at the bottom plate with 45° and 60° tilts, showed a more prevalent 
peak with Al.  The EDX results obtained in this work were similar to those in other works with 
the fact that the Ti peak of the TiAlN was predominant. However, operators of the EDX system 
used to perform the analysis stated later that the Al peaks may contain Al from the system and 
sample post of the instrumentation inside the EDX.  It was also noted that readings of elements 
which have a X-Ray Energy less than 1keV were unreliable.  The net result was that no TiAlN 
atomic composition information could be extracted from the spectra. 
 
 An attempt was made to correlate the Ti peak intensity to an expected deposition 
thickness, since the deposited films' thickness was not determined using a physical stylus at the 
time of deposition.  Results from the EDX showed some Silicon peaks, which may have been 
due to readings of the glass substrate, which is SiO2.  If the thickness of the films was thin 
enough for the X-Rays to read the glass substrate, and volume of the Si being analyzed by the X-
Rays was constant, then the Si peaks could be used as a normalizing count.  To compare each 
sample in the system a ratio of the Ti peak and Si peak and each location was calculated.  The 
results of these calculations are presented in Table 3.3.2.   Analysis of the information from 
Table 3.3.2 showed that the peak intensity ratios followed previously observed data showing a 
difference with respect to location and orientation. 
 
 0˚ Applied Tilt 45˚ Applied Tilt 60˚ Applied Tilt 
Top Plate 0.005 0.142 0.431 
Middle Plate 1.344 4.183 0.707 
Bottom Plate 0.004 0.460 0.771 
          Table 3.3.2: Table of peak intensity ratios of Ti/Si obtained from EDX. 
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 To better understand how the location of and orientation of the samples to the target, 
Figures: 3.3.10, 3.3.11, 3.3.12, and 3.3.13 show a representation of the distances between the 
targets and the sample at each location. 
 
 
Figure 3.3.10:  Representation of 
Sputtering dispersion of atoms and 
orientation of  samples to target at the 
Top Plate. A) 0˚ applied tilt.  B) 45˚ 
applied tilt. C) 60˚ applied tilt. 
Sputtering 
dispersion of atoms 
from target 
Sputtering 
dispersion of atoms 
from target 
Sputtering 
dispersion of atoms 
from target 
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Figure 3.3.11:  Representation of 
Sputtering dispersion of atoms and 
orientation of  samples to target at the 
Middle Plate. A) 0˚ applied tilt.  B) 45˚ 
applied tilt. C) 60˚ applied tilt. 
Sputtering 
dispersion of atoms 
from target 
Sputtering 
dispersion of atoms 
from target 
Sputtering 
dispersion of atoms 
from target 
 40 
 
 
 
Figure 3.3.12:  Representation of 
Sputtering dispersion of atoms and 
orientation of  samples to target at the 
Bottom Plate. A) 0˚ applied tilt.  B) 45˚ 
applied tilt.  
Sputtering 
dispersion of atoms 
from target 
Sputtering 
dispersion of atoms 
from target 
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 Using the distances and orientation is Figure 3.3.10, 3.3.11, 3.3.12, and 3.3.13, 
trigonometric relationships between triangles and distances, the optimal incident angle for 
sputtering from the Ti target was calculated.  At the Top Plate the substrates were in line with the 
target. For the deposition the optimal incident angle would be 0˚.  With an optimal incident angle 
of 0˚ the information from Table 3.3.2 which showed that as the applied angle of the sample is 
increased the ratio of Ti to Si increased, meaning a greater Ti concentration, followed the 
projected pattern.  At the Middle Plate the substrates were 12cm below the target.  Relationships 
between the distances in a triangle allowed for the calculation of the distance of the sample from 
the target, and the relationship between these distances allowed for the calculation of the optimal 
incident angle, depicted in Figure 3.3.14.  
Figure 3.3.13:  Representation of 
Sputtering dispersion of atoms and 
orientation of  sample to target at the 
Bottom Plate. C) 60˚ applied tilt. 
Sputtering 
dispersion of atoms 
from target 
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 From the calculation of an incident angle of 39.8˚ is found for the 0˚ applied tilt sample at 
the Middle Plate. The calculated incident angle for the 0˚ applied tilt sample was used to create a 
relationship between incident angle for the 45˚ and 60˚, shown in Figure 3.3.15.  
 
 
 
The relationship between incident angles was used to generate the incident angle for each 
sample, presented in Table 3.3.3. 
Figure 3.3.15: Relationship between incident angle of a sample and 
the incident angle of 0˚ applied tilt sample. 
Figure 3.3.14: Distance calculation 
of sample from target and incident 
angle at 0˚ for Middle Plate. 
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 0˚ Applied Tilt 45˚ Applied Tilt 60˚ Applied Tilt 
Top Plate 90˚ 45˚ 30˚ 
Middle Plate 39.8˚ 5.1˚ 20.1˚ 
Bottom Plate 19.87˚ 25.13˚ 40.13˚ 
                       
 From analysis of the incident angles the sample at the Middle Plate location which had 
the 45˚ applied tilt sample would have the largest Ti/Si ratio at the Middle Plate location. A 
relationship between Ti/Si ratio and the incident angle of the samples can be analysis from the 
information in Figure 3.3.16. 
 
 
 At the Bottom Plate the substrates were 27.5cm below the target.  Similar to the Bottom 
and Middle Plate, relationships between the distances in a triangle allowed for the calculation of 
the distance of the sample from the target, and the relationship between these distances allowed 
for the calculation of the incident angle at the 0˚ applied tilt sample, depicted in Figure 3.3.17. 
Figure 3.3.16: Relationship between Ti/Si ratio and incident angle of 
samples. 
Table 3.3.3: Table of incident angles to Ti target for each sample 
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 From calculations incident angle of 19.87˚ for the 0˚ applied tilt sample at the Bottom 
Plate, the incident angle for the 45˚ and 60˚ applied tilt samples was calculated to be 25.13˚ and 
40.13˚ respectively.  The incident angles calculated showed that the sample at the Bottom Plate 
with 0˚ applied tilt would have the largest Ti/Si ratio at the Bottom Plate location.  However, 
Table 3.3.2 showed that the Ti/Si ratio for the 0˚ was the lowest, and that the Ti/Si increased 
when applied tilt was increased.  The difference in the relationships at the Bottom plate, when 
compared to the Middle and Top Plate, could be due to the fact that the distance of the Bottom 
Plate samples from target is so much greater that the density of the Ti atoms at location is 
decreased while the mobility and density of the Al atoms are increased at the Bottom Plate, 
which could have an effect on the deposition of the samples.   
Figure 3.3.17: Distance calculation 
of sample from target and incident 
angle at 0˚ for Bottom Plate. 
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3.4 Conclusion 
 
The bulk of this work was focused around the probability of variation in film depositions 
due to change in elevation and applied tilt for samples inside an ICM-10 chamber.  The first set 
of experiments run used XRD to determine the deposited compound. The XRD results showed 
variations in TiAlN crystallization, identified by the intensity of the 43 2Θ peak.  The variations 
were apparent between the tilts at each level and among the different levels.  At the Bottom 
location the variations due to the tilt applied to each substrate was observed in that as the peak 
was increased as the formation of TiAlN decreased.  Because of the 45° and 60° tilt applied the 
substrates in incident angles of bombardment in which the substrates were accessed by the field 
lines increased.  The tilts applied to the substrates also increased the surface area that faced the 
Al target. This showed in that results showed an increase in Al intensity with tilt.  Congruent 
with the results of the Bottom Plate, the Middle Plate locations showed a correlation with tilt as 
well.  At the middle location as the tilt applied to the substrates was increased the amount of area 
presented to the field lines decreased, which decreased the intensity of the XRD peak results.  As 
with the Bottom Plate and Middle Plate the curve of the field lines also played a role at the Top 
Plate.  The curve of the lines was away from the upper target, therefore as the tilt applied to the 
substrate increased the incident angle decreased, increasing the surface area presented to the 
lines.  This was observed in that there was a direct relationship between the applied tilt and the 
intensity of the XRD peak results.  
 
Following XRD, SEM was performed to establish the texture of the samples. The SEM 
results showed variations in deposited topography with differences in texture as well as 
anomalies located on the surfaces of the samples.  In previous works performed, SEM images 
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were produced which displayed a homogenous surface for TiAlN.  In this work the SEM images 
attained matched the previous in that a homogenous trait was also demonstrated with the samples 
obtained during deposition.  However, there was a difference in the SEM results between the 
samples on a plate with different applied tilts, and between samples of different plates with the 
same applied tilt.  The SEM identified structures which did not appear in previous works.  These 
structures were later determined to be made of Silicon.  These Silicon structures could have been 
due to several imperfections in the sandblasting process used to clean the equipment, or due to 
readings from the glass substrate used for deposition. 
 
EDX was performed to determine the percent composition of the samples.  The EDX 
results showed that there was a difference in the percent composition of each sample, with some 
proportionality, inversely and directly, with respect to tilt. It was determined that the closeness of 
the substrates to the Al target at the Bottom Plate at the time of the deposition was the reason for 
the greater Al peaks obtained in the EDX results. EDX of the Bottom Plate samples also 
indicated that tilt had a role in deposition due to the fact that the intensity of the Al peak 
increased as the applied tilt increased.    This was due to the fact that the surface area of the 
substrate being presented to the Al target increased with the tilt as well.  From examination of the 
EDX results of the Middle Plate samples, it was shown that the samples from the middle 
locations showed a blend between the top and bottom locations, where the Al peak and Ti peak 
were similar.  This peak measurement was obtained from the sample which had the applied tilt of 
60° at the Middle Plate.  EDX of the Top Plate samples showed the highest percent composition 
of titanium, which was expected as related to the aluminum peaks in the bottom samples.  
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Similar to the bottom plate, as the applied tilt was increased the surface area presented to the Ti 
target at the Top Plate was increased, increasing the Ti/Si peak ratio. 
 
From the assessment of the results from this work it was apparent that tilt and location 
were a factor in deposition traits.  As the substrate had a tilt applied to it the surface area of the 
substrate which was presented to the target at the location changed.  The relationship between 
these two factors was direct, being that as there was an increase in tilt applied the surface area 
presented was also increased, and vice versa. The location of the substrate during deposition 
would increase the percent composition of the element which was being deposited from the 
closest target.    
 
3.5 Problems and Errors 
During this research there were areas where greater control of the experimental setup 
could have been utilized and more information could have be taken which would have enhanced 
the analysis of the results.  To remove a degree of uncertainty from the experiment, the 0º, 45º, 
and 60º substrates could have been placed vertically linear, i.e. the 0º of the bottom plate, was 
directly below the 0º substrate of the middle plate and top plate. Physical characterization of the 
samples deposit, such as; hardness, thickness, scratch indentation, would have allowed for 
greater comparison and relationships between samples.  Chemical characterization of the 
samples would have been greatly improved with if chemical composition was attained by the 
EDX while the samples were in place.  Also, the characterization systems parameters that 
manually inputted such as, run time, beam energies, etc., should be documented.  With the 
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documentation of these parameters, samples could be effectively equated between tilts and 
locations, which would have allowed for greater quantitative analysis. 
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Image of ICM-10 which can be used to 
deposited films to enhance the effectiveness 
and lifetime of tools.  Image courtesy of 
IsoFlux, inc.  
Appendix A: Description of Research for Popular Publication 
 
 This work has been described as "A project created by the questions 'What if?'." by 
Mayen Udoetuk, Program Coordinator at Texas A&M University at Galveston.  In this work, the 
full aspects of the Inverted Cylindrical 
Magnetron Sputtering System, ICM-10 
manufactured by IsoFlux, was utilized.   
 
 The aim of this project, executed by 
George C. Vandross, II a graduate student at 
the University of Arkansas, Fayetteville, was 
to study how changing the locations and 
orientation of the samples inside the chamber 
affect the deposition results.  These different 
deposition results could vary from color of the sample to the amount heat the sample could take 
before cracking.  In order to change the location of the sample, platforms where placed inside the 
system at various heights, and to change the orientation, the samples were placed in the system at 
different tilts.  The results of this work showed that by simply changing the location of the 
sample inside the system, or by adding an incline, that the deposition samples of TiAlN varied.  
With this information it is possible to create different samples, with different properties, at the 
same time. 
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Appendix B: Executive Summary of Newly Created Intellectual Property 
 
 
The intellectual property of this work is as follows: 
• Method for depositing TiAlN with varying chemical composition by changing 
location and orientation 
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Appendix C: Potential Patent and Commercialization Aspects of listed Intellectual 
Property Items 
 
C.1 Patentability of Intellectual Property 
 The Intellectual Property created by this work can be patented. 
C.2 Commercialization Prospects (Should Each Item Be Patented) 
The Intellectual Property of this work should not be patented, because the work does not 
show general applicability, and therefore would not present a profit worth the cost of patents. 
C.3 Possible Prior Disclosure of IP 
 
There is no possible prior disclosure of IP for the work. 
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Appendix D: Broader Impact of Research 
D.1 Applicability of Research Methods to Other Problems 
 The methods used for this result do not applicability for solutions to other problems. 
D.2 Impact of Research Results on U.S. and Global Society 
 The results from this work have no society impact, as they do not create an improvement 
to everyday life as a whole.  
D.3 Impact of Research Results on the Environment 
The results from this work have no environmental impact.  The results do not decrease 
the amount of material used during the process. 
 
